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SECTION I

INTRODUCTION

This report documents the third version of a computer program, the Underwater Shock

Analysis (USA) Code, that calculates the transient response of a totally or partially sub-

merged structure to a spherical shock wave of arbitrary pressure-profile and source loca-
tion. The structure is considered to be linear-elastic and the surrounding fluid is treated

as an infinite or semi-infinite acoustic medium. The computational model for the structure

TTTe wp e Twrhore v

v is constructed through the use of an auxiliary discrete-element (finite-element, finite-

difference) code of choice [1,2], while that for the fluid is constructed through the use of
P the Doubly Asymptotic Approximation (DAAl) or the Improved Doubly Asymptotic Approximation
(DAAZ) (3,4].

As implied above, this manual constitutes a revision of [5], the original manual for the

%
t

i USA Code. In addition to various maintenance upgrades introduced into the code since it was

‘ first developed, the following extensions have been incorporated: 1) Fluid surface elements
for wet-surface segments of revolution that permit a circumferential expansion of structural

; surface motions into an arbitrary number of Fourier components; this allows the inclusion of
both beam-1like and bar-like motions of the structure as a special case: 2) An imaging formu-
lation that extends DAA analysis to problems involving partially submerged structures and
structures totally submerged near the fluid's free surface; 3) A model for the effects of
bulk cavitation on incident-wave excitation that provides a complete description of fluid-

particle velocity consistent with the occurrence of surface cutoff; 4) The introduction of

the DAAZ; and 5) Out-of-core processing of the fluid equation system.
1.1 DOUBLY SYMPTOTIC APPROXIMATION

The principal advantage of the DAA1 and DAA2 is that they model the acoustic medium sur-

rounding the structure as a membrane covering the wet surface of the structure. Hence fluid

motion is described merely in terms of wet-surface response variables, which are then linked

by compatibility relations to the structural response variables. Furthermore, this descrip-

\tion is a simple matrix ordinary differential equation with desirable computational properties.

. The principal disadvantage of the DAA1 is that it constitutes an approximation to the
"exact" boundary-element representation of the surrounding medium [6,7]. The DAA, does ap-
proach exactness for both high-frequency (early-time) and low frequency (late-time) struc-

tural motions, however, and effects a smooth transition between the two asymptotes. In ad-

Hence, in view of its desirable computational properties, the DAA1 is considered suitable

‘ dition. it has exhibited satisfactory accuracy in a variety of check calculations [4,6,8].
‘ for engineering analysis.
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The DAA2 is an improved approximation that is based upon the DAAl; however, it can
describe the intermediate frequency range better than the DAAl. Computationally it has
been used to study the response of the infinite cylindrical shell under a plane wave step
loading in which significant improvements in accuracy have been noted. Analytical studies

of spherical shell response [4] also show such marked improvement.
1.2 STAGGERED SOLUTION PROCEDURE

The governing matrix equation for structural response is a second-order differential
equation in time, while that for fluid response is a first~order ordinary differential equa-
tion. Simultaneous solution of these equations by direct step-by-step numerical integration,
however, is unacceptably expensive. Hence the USA code utilizes a staggered solution pro-

cedure [9] for step-by-step sclution of the equations in time.

Now a staggered solution procedure involves a response extrapolation at each time step,
which usually leads to numerical instability for time increments exceeding a critical value.
Because this critical value may be unacceptably small for many computations, the governing
equations for fluid response have been modified in such a way that unconditional stability
is achieved. Thus, through avoidance of both direct simultaneous solution and conditional
stability constraints, highly efficient computation is possible for the greatest variety of

cases.

As an illustration of the capabilities of USA, a transient response calculation has
been performed for a 2490 degree-of-freedom (DOF) structural model with a stiffness-matrix
average half-bandwidth of 85 DOF. The central-processing-unit (CPU) time on a Univac 1108
required for the 280 time-step calculation (with a single change in time increment during
the calculation) was 28 minutes. The corresponding time on a CDC 6600, on which the code

also operates, would be about 10 minutes.
1.3 INPUT/OUTPUT

The USA Code requires three types of input data in order to perform its function. First,
structural mesh-geometry, mass-matrix and stiffness-matrix data must be provided by the struc-
tural analysis code used by the analyst. Second, fluid mesh-geometry and boundary-element
data must be furnished. Finally, location of the fluid's free surface, charge standoff, inci-

dent pressure-profile, and time integration specifications must be provided.

The code, in its turn, outputs structural displacement and velocity histories, and fluid
pressure histories for the wet surface. Response data post-processors furnish pseudo-velocity
shock spectra, and response-history and shock-spectrum plots. In addition, post-processors
embedded in the Rtrﬁctural analysis code may be used to obtain, for example, stress and strain

response histories, as well as stress/strain-history and stress/strain-computer plots. As
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currently configured, the USA Code can routinely handle problems with as many as

3000 Structural and 400 fluid DOF within a core allocation of 65000 decimal words.

1.4 SPECIAL FEATURES

A number of special features are incorporated in the code. First, a capability has
been provided to handle a fluid mesh on the wet surface that is not coincident with the
surface mesh for the structural model. This permits, for example, the use of a refined

structural mesh in a region of high stress gradients, even though a relatively coarse mesh

is retained for the fluid.

Second, options for variable-increment time integration and computation restart are
furnished. The former allows the use of small time increments during periods where the re-
sponse is expected to be varying rapidly in time, and the use of large time increments for
periods characterized by a slowly varying response. The latter permits the division of a
response computation into segments, so that the analyst may examine the results at selected
i points along the way. Such examination is facilitated by the use of the 'printer-plot"

routine that augments the usual printout data with response plots 'drawn'" by the printer.

Third, the code incorporates fluid boundary elements for both general and body-of-re-

volution wet-surface geometries [10]). This feature is especially useful for compartment-by- ]
compartment analysis of a submarine. Such an analysis utilizes a general-structure discrete-
element model of a particular compartment of interest, with the remainder of the submarine
modeled as a bar/beam. Hence a detailed analysis of an entire submarine may be performed

. with several discrete-element models of moderate size, avoiding the use of a single gigantic

model.

Fourth, the analyst can use either the DAA1 or DAA2 through input of a single scalar
parameter to take advantage of the enhanced accuracy demonstrated by the latter in computa-

tions for idealized geometries.

Fifth, out-of-core processing for both the structural and fluid equation systems frees
the user from concern over core limitations on the number of structural and fluid elements

in his model.

Sixth, free-field shock wave input to the structure is associated with a spherical wave
and can be input for use with linear interpolation or cubic spline fitting routines. Pres-
sure histories for expeonentially decaying incident waves can be automatically generated.
Fluid pressuvre and particle velority histories correspending to the input shock are displaved

for the user with the "printer-plot" snftware mentioned above.

Seventh, routines embedded in USA can be used to facilitate coupling with any linear

structural analyzer provided 1at the - ffness matrix is made available row by row (or,

I — A———— .

1-3

v iy oniati

T e N e R R e Y T AP




+ SO il o i NG st i b

column by column). These routines assemble the matrix in the partitioned skylined format

required by USA. In addition, the stiffness matrix can be displayed for check purposes.

1.5 SPECIAL NOJ~-FEATURES

Some features of modest complexity have yet to be incorporated into the USA Code.

First, an option for automatic time-step integration would free the analyst from having to
4 select integration time increments in accordance with his expectations regarding response
; behavior. Second, the ability to handle very large problems would be useful in those cases
1 where structural segmentation is not possible. Third, a capability to treat banded struc- ]
tural mass and damping matrices would be helpful, in order to accommodate structural ana- !
lyzers that produce such matrices. Fourth, a means to handle the matrices produced by f
acoustic elements based on a pressure formulation [11,12] is desirable, in that such ele-

1 ments permit highly efficient modeling of internal fluid volumes. Finally, a capability to
) treat localized nonlinear structural behavior, such as that exhibited by nonlinear equip-
ment mounts, would permit highly efficient treatment of such behavior; for widespread non-

linear effects, however, recourse must be made to a fully nonlinear code, such as USA-

STAGS [13].

T, AT e+ 4T ¢ w2

e

; An important feature of greater complexity has yet to be introduced into the code.
This is a treatment of hull cavitation, which may substantially affect structural response

for incident shock waves of short duration. The introduction of this feature requires the

accurate treatment of highly nonlinear phenomena, and presents a challenging task for

future work.
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SECTION II

THEORY

This section describes the theoretical foundation of the USA Code. It is constructed

as an overview, with coverage of details left to referenced papers and reports.

2.1 STRUCTURAL RESPONSE EQUATLION

The matrix ordinary differential equation for the dynamic response of a linear-elastic
structure is |1}

M X + C
~g 2 g

[ X
+
»

= f (2.1)

where x 1is the structural displacement vector, gs , gs and Es are the structural mass,
damping and stiffness matrices, respectively, f 1is the external force vector, and a dot
denotes a temporal derivative. Generally, gs , gs and Es are highly banded, symmetric

matrices of large order; at present, the USA Code considers Ms to be diagonal and C_ to
~ >

be zero.

For excitation of a submerged structure by an acoustic wave, f is given by

£ = -CA (p + pg) (2.2)

where P and pg are nodal pressure vectors for the wet-surface fluid mesh pertairing to
the (known) incident wave and the (unknown) scattered wave, respectively, éf is the diag-
onal area matrix associated with elements in the fluid mesh, and G 1is the transformation
matrix that relates the structural and fluid nodal surface forces. More will be said about

5 in the next subsection.
2.2 DAA; EQUATION

The Doubly Asymptotic Approximation may be written [3,4]
M Bg *+ pchppg = ec My (2.3)

where ug is the vector of scattered-wave fluid-particle velocities normal to the
structure's wet surface, p and ¢ are the density and sound velocity of the fluid,
respectively, and Mf is the symmetric fluid mass matrix for the wet-surface fluid mesh,
This matrix is produced by a boundary-element treatment of Laplace's equation for the

irrotational flow generated in an infinite, inviscid, incompressible f1luid
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by motions of the structure's wet surface; it is fully populated with non-zero matrix ele-
ments. When transformed into structural coordinates, the fluid mass matrix yields the added
mass matrix, which, when combined with the structural mass matrix, yields the virtual mass

matrix for motions of a structure submerged in an incompressible fluid [14].

As mentioned in Section I, the approximate relation (2.3) is called "doubly asymptotic"
because it approaches exactness in both the high-frequency (early-time) and low-frequency
(late-time) limits. For high-frequency motions, Iésl >> IBSI , so that (2.3) approaches the

relation Pg = pcyg which is the correct limit for short acoustic wavelengths. For low-

S
frequency motions, |ésl << |Esl , so that (2.3) approaches the incompressible~flow relation

Af Pg = gf gs , which is the correct limit for long acoustic wavelengths.

For excitation by an incident acoustic wave, ug is related to structural response by
the kinematic compatibility relation

T.
Gx = u +tug (2.4)

where the superscript "T'" denotes matrix transposition. Equation .4 expresses the con-
straint that normal fluid-particle velocity match normal structural velocity on the wet
surface of the structure. The fact that the transformation matrix relating those velo-
cities is E? follows from the invariance of virtual work with respect to either of the
wet surface coordinate systems. Generally, G 1is a rectangular matrix whose height
greatly exceeds its width, inasmuch as the number of structural DOF usually exceeds con-

siderably the number of fluid DOF.
2.3 INTERACTION EQUATIONS

The introduction of {(2.2) into (2.1) and (2.4) into (2.3) yields the interaction equa-

tions
. .. - +
MoE+Cok+ K ox=-GA (p *+pg)
: T. _ . (2.5
Me kg * v cAppg = c M (@ X-4p)
These equations may be solved simultaneously at each time step by the transfer of -G A, P

T .. . . . . .
and p ¢ ﬁf G X to the left sides of their respective equations. Such a procedure is
exceedingly expensive, however, because of the large connectivity of the coefficient matrix
involved. As mentioned in Section I, efficient computation is possible through the appli-

cation of a staggered solution procedure that is unconditionally stable with respect to

the choice of time increment.

The simplest implementation of the staggered solution procedure recommcnded in [9] mav
be effected as follows. M_ is taken to be diagonal and, to allow for the possibility that

ﬂs may have zero entries for rotational DOF, G is constructed such that only the transla-

2-2
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tional DOF for the structure couple with the fluid DOF [see (2.4)]; then the first of (2.5)
may be partitioned to obtain g?i, which may then be introduced into the second of (2.5).

Premultiplication of the resulting equation by %E Af Ef_l then yields !
i !
—IAE+(D + D) = -A GTM'l(c % + K. x)
pe ~f =S 2f17 g’ Bsg ~f =~ <8 <s = <8

(2.6) |
“(Qg By * Ap Up) l
_ -1 _ T ~1
where Qfl" i\:f Mf éf and P.S - éf 9, ys gﬁf
matrix with each nonzero element given as the reciprocal of the corresponding nonzero element

. -1 .
are symmetric, and where Mg is a diagonal

of gs and each zero element mirroring the corresponding zero element of Mg . The first

of (2.5) and (2.6) are herein termed '"the augmented interaction equations'.
2.4 SPHERICAL INCIDENT WAVE

Each element of the vectors Pr and g for a spherical incident wave are given by

I
R. -5
S i
prsfe) = R, P1 (t' c )
(2.7)
. 1, 1
a0 = [ge b0 + o7 e 0] vy

where S 1is the 'charge standoff', i.e., the distance between the origin of the incident
spherical wave and the nearest point on the structure's wet surface, Ri is the distance
from the origin of the incident spherical wave to the ith fluid node on the wet surface,
Yi is the cosine of the angle between the vector corresponding to Ri and the wet-surface
normal at the ith fluid node, and pI(t) is the incident-wave pressure-profile defined at
Ri = § . For a shock wave, pI(t) is discontinuous at t = 0 and the ﬁli(t) contain

singularities.

In order to remove shock-wave singularities from QI in (2.6), a modified pressure

vector is defined as

Py ~© EE]’_"'RS (2.8)
where T 1is a diagonal matrix with direction-cosine elements Yyo- The introduction of
(2.8) into (2.6) and the first of (2.5}, followed by utilization of the second of (2.7) then
vields the modificed, augmented, interaction equations
.. - . - 2.9
Mg ¥+ G X+ K x € A¢ [EM +d-D El] )
1 A. p, +t (D_+ Dg ) = - A GTM_.l(C\f(-\LK.’.x)—Hp
pe Of By T g s By S 2 oS8 s T IS o) TR :
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in which 5 is the identity matrix, and

- %A R T (2.10)

= - +

~s

fl

where R 1s the diagonal matrix formed by the distances Ri' Equations (2.9) (with
ss = 0) are the equations solved by the USA Code to determine the structural responses
x and %, and the wet-surface pressures p = (I - I) Py * By- )

2.5 FREE SURFACE EFFECTS

When a structure is partially submerged, or when a totally submerged structure lies
near the free surface of a semi-infinite fluid, imaging techniques may be utilized to en-
sure that the total pressure vanishes at the free surface. (This implies that the effects
of gravity are negligible in this class of problems, which they generally are.) In this
case, the interactive system consists of an infinite fluid domain, the structure S+, and
its image S_ (see Figure 2-1). The incident wave now consists of a (positive) primary
wave plus a (negative) image wave, the latter emanating from the image of the primary
wave's origin. Zero pressure at the free surface is therefore maintained if the motions

of S_ are constrained to be opposite to those of S+.

The kinetic energy Ts’ the Rayleigh dissipation function Ds’ the potential energy VS,

and the work potential HS, for the structural system S+ + S_ are given by

T . . T
= i <
Ts PGy M X R MORD)
D =%(:‘<+c:‘:+chi)
s StRg 2 S- =g 2
(2.11)
= T T
Ve = P (Ko xm XK ox)
Iy = Xy £y - KL £
The appropriate constraints are x_=-x, and f_ = -f,, so that (2.11) become
_ LT .
Ts - §+~S—
_ 2T .
Dy = XL %
(2.12)
V. = xiK
T
ﬂs = -2 x4 £y

2-4
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The DAA kinetic energy T

and work potential Hf for the fluid system may be written

£
as
T
Te = 3 ug M ug
LT, L (2.13)
£ ¥s R Bs 7 5c ¥s ¢ Bs
where
MM AQ
M = » A = (2.14)
Colex] T ea

and an asterisk denotes temporal integration. The submatrix M accounts for added mass
) coupling between wet-surface elements on S+ and, similarly, between elements on S_; M'
% ‘ accounts for added mass coupling between elements on S+ and elements on S_. The con-

straints for the fluid system are

L L
Mg 7 1 Y » Bg T 1 Bgs (2.15)
so that (2.13) becomes
T, = ug, (M- M),
(2.16)
g = -2 ‘-’;L (4 gy * 'p_IE M - M) Byl

The application of Lagrange's equation [15] to (2.12) and (2.16) now yields

Mo+ C o2 v Ko x, = £,

(2.17)
_L _ ] Y _ ' .
oc af §)25++£Es+ = o -1:1.)954-

Also, (2.2) and (2.4) must be modified to include the effects of both the incident prim-

ary and image waves. This gives

e A oo '

£, = SA (. *ppy *Bgy) |

(2.18) ;

3 T . - + - {
- g x, Ure ¥ Upp * Yy |

where, e.g., p£+ denotes incident-wave pressure on S+ associated with the image wave.
-* The introduction of (2.18) into (2.17) then yields the doubly asymptotic interaction

equations for problems involving a free surface

2-6
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Moz + LG 2 v K % = QA (pry + Py * Bgy)
(2.19)
s _ s 7T e+ -
M-~ M pgy +pc Apg, pe (M~ M") (G X, -up - ug)

A comparison of (2.19) with (2.5) reveals that the effects of the free surface are embod-

ied in the image-wave pressure and fluid-particle-velocity vectors, and in the modified

added-mass matrix.

Finally, augmentation of (2.19) to secure unconditional stability, followed by
introduction of the modified pressure [cf. (2.8))
MR
+ P+ T4 Bry T Pgy (2.20)
to remove shock-wave singularities, proceeds as described in Subsections 2.3 and 2.4.

The modified, augmented interaction equations corresponding to (2.9) for the infinite

fluid medium are then readily obtained.

It is important to mention at this point that the DAA formulation just described
does not account for high-frequency scattered waves from S_ that impinge upon S+. For
most floating structures, such waves are not generated, as the wet surfaces of S+ and S_
usually intersect to form a convex surface; they are generated, however, for a totally
submerged structure lying near the free surface. Even so, it has been shown that, as
far as structural response is concerned, the effects of the scattered wave are generally
negligible [16]. 1In other words, the response is basically driven by the incident

primary and image waves.
2.6 BULK CAVITATION

In the absence of bulk cavitation, the imaging method serves as a useful device to
model the reflection of free-field waves from the fluid's free surface. The occurrence
of bulk cavitation near the surface, however, changes that simple acoustic reflection
problem into a complex reflection-refraction problem, as indicated in Figure 2-2. If
refraction distortions produced by a relatively thin cavitated region are not too severe,
however, bulk cavitation effects will still appear to the structure as emanating from an

image source.

Experimental records of free-field pressure histories for compact charges exhibit
the behavior shown in Figure 2-3 [17]. The dashed line denotes the history produced by
a negative-image model, while the horizontal line indicates that the effect of bulk cavi-

tation is to "cut off" the pressure at a cavitation threshold. The approximate treatment

introduced here involves pre-examination of the image-based free-field pressure at the
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standoff point, i.e., the point on the submerged structure closest to the charge. When-
ever that pressure tecomes negative to the extent that its magnitude exceeds the absolute
ambient pressure at that depth, a positive contribution is incorporated into the negative-
image source so that the free-field pressure at the standoff point never dips below the
cavitation threshold. When the structure's overall dimensions are small relative to the
distance from the structure to the cavitated region, the effects of the positive contri-

bution will not vary appreciably in the vicinity of the structure.

The preceding discussion leads to the following development. The two-source model of

Figure 2-4 ylelds as the free-field pressure at any point P

R, - S R_-S
- 3 - S -
pg(t) TR M+ (e )+R_ P_ (t ) (2.21)

where p+(t) = p_(t) = 0 for t < 0. At the standoff point, (2.21) becomes

S -8

Pty = P (e) + —SS— p_(t - ——) (2.22)

Now p_(t) = —p+(t) as long as the resulting pQ(t) exceeds the cavitation threshold so that
“cutoff" does not occur; otherwise, pQ(t) remains at the threshold value —(pA + v 2)

where Py is atmospheric pressure and y is the fluid's weight density. Hence, during the
"cutoff period”,

S_ S_ -8
p_(t) = -5 [pp (t+———) +p, +v2] (2.23)

The model just described fits a prescribed free-field pressure history at the stand-
off point in such a way that surface cutoff effects appear to the structure as emanating
from an image source. Because the model is complete, it also provides the free-field
fluid-particle~velocity information required for DAA calculations. The usefulness
of the model has been demonstrated from the results of free-field tests specifically

designed to produce both pressure and fluid-particle-velocity data [18].

2.7 USA—DAA2 IMPLEMENTATION

The Ymproved Doubly Asymptotic Approximation IDAA2] can be written as [4]

nf25+pcéfzs+pcgféf25= (2.24)

pel (6" %-5 )0 M (" %-3p)
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where

Q. = npca. M1 (2.25)

~f ~f ~F

All vector and matrix quantities in the above are related to the same finite element

wet-surface fluid mesh as that used for the lowest order DAA (DAAl) described in
Section 2.2.
Note that DAA2 is a second-order equation, whereas DAAl is a first-order equation. In

addition, DAA2 includes a new scalar parameter n that appears in (2.25). It can be

established from physical considerations |:, that ., must be bounded as

0<r<i (2.26)

A precise choice of n is apparently n»>t piedicated by any fundamental principle.
Hence it must be regarded at this time as a factor which may be adjusted to achieve
optimum accuracy for a particular problem. 1In [4], it is observed that n = 1 leads

to the best accuracy for a spherical shell.

In order to implement DAA2 (2.24) is first integrated once in time and multiplied

through by éf M fl. Equation (2.25) is then substituted into the result and a new

variable, the scattered pressure integral 9g is defined by

*
45 = Rg (2.27)
where an asterisk denotes temporal integration. The result is
A G+ D.. a4+ 2 2 D -
2pdg TPl dg* NP Dgy dg
(2.28)

T.. . 2 2 T.
pcéf(g X~51)+np c gfl(g 5‘21)




It is noted that (2.28) is symmetric and that D
(2.6).

fl_has already been defined following

To avoid shock-wave singularities in G the relation for a spherical shock is

I 9
used as

. . -1
pcy_I= E(p_I+cl_3 RI) (2.30)
while the modified pressure-integral vector is defined as
*
9y =45+t L p; (2.31)

Substitution of (2.30, (2.31) into (2.28) then gives

. . 2 2
AgQy *PcDyygytne o Dy gy

(2.32)
pPcA §T£+n02 2 Qfl§T§+ c [(l—n)olgfl - A R:lllp_l
+n o (sz’%gfl K1) T By
where the identity
RIr=rR’ (2.33)

has been used in (2.32), as both matrices are diagonal. Associated with (2.32) is

the structural equation of motion

MR e kPR x=-G A Lyt (D) gyl (2.3
Equations (2.32) and (2.34) define the DAAZ-modified interaction equations that are
solved according to the staggered solution strategy; hence an examination of stability
must be conducted. It has been shown that the step-by-step integration of (2.32) and
(2.34) is conditionally stable; however, no systematic study of stability has yet been
undertaken. In view of the fact that unconditional stability was achieved for USA-

DAAl by augmentation, and that (2.24) is essentially the DAA, with a correction term,

1

augmentation of (2.32) was carried out in the same manner as that used for DAAl.
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Accordingly, (2.34) is first solved for X and substituted into (2.32) to give

. ) 2 2 _
ApQy+t Pec@p+vD ) gy +ne ¢ Dy, =
T -1 . 2 2 T,
PcA G M (C_x+K _x) +np c D, G %
(2.35)
1 -1, .
-Dc{Qs-[Qs+(l-n)2f1-Eéflj 1 it p;
2 2 1 -1, % |
tnee Q-5 Pnk ) Ieg j
i

where 135 has already been defined following (2.6). i
§

Equations (2.34) and (2.35) are the DAAZ-modified, augmented interaction equations

that have been implemented in the USA Code.




SECTION III

ORGANIZATION

The USA Code has been written in standard FORTRAN IV for use on both Univac and CDC
computers. Machine dependency has been isolated in one utility program described below.
Program modularity has been strictly enforced, with communication between computational

modules controlled by means of a data management system.

The basic structure of the code is shown in Fig. 3-1. The structural preprocessor is
a separate code selected by the user to provide the computational model for the structure.
The skyline utility merely reformats gs and Es as provided by the structural preprocessor
for processing by the USA Code (recall that Cg is taken as zero). The fluid mass prepro-
essor forms éf, gf, Pfl’ sz and g using a virtual memory simulator for out-of-core process-~
ing, while the matrix augmentation preprocessor forms Ps and éngg;]' [see (2.9)]}. The
main processor is the time integrator, which forms E and H and then solves (2.9) in step-

by-step fashion using the staggered solution procedure. The response postprocessor pro-

vides tabular and graphic output for the computed kinematic responses as well as pseudo-

velocity shock spectra. Finally, the data manager controls the flow of data between pro-
cessors., More detailed descriptions of the various program components follow, while infor-

mation required for utilization of the code is contained in Appendices A through D.
3.1 THE DATA MANAGER DMGASP

DMGASP is a self-contained utility module that functions as a manager of auxiliary stor-
age and as the focal point for all block input/output activities [19]. Constituting the
lowest level of the NOSTRA Data Management System (20], it carries out the direct transfer of
data blocks between core and peripheral storage. (The terminology 'direct transfer" is used
here to denote unformatted and unbuffered data transmission.) The basic auxiliary storage

management operations embodied in DMGASP are

® Activate storage device

e Position device

® Read data block from device
® Write data block on device

e Deactivate device

In the USA Code, DMGASP is operated as a stand-alone 1/0 package that receives direc-

tives directly from the master processors. Assembly language versions of DMGASP currently
exist for UNIVAC 1100 EXEC-8, CDC SCOPE 3.4 (NOS/BE), and CDC NOS operating systems; hence
the USA Code may be used only on these systems at this time.
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L 3.2 THE VIRTUAL MEMORY SIMULATOR VMSYST

VMSYST is a virtual storage simulator for computers that are not built around a vir-
tual memory system [21]. All data in the virtual system is partitioned into pages, which
1 are blocks of consecutive data words of a fixed page size. Pages residing in core in the

page buffer are called active pages. Inactive pages are resident in auxiliary storage
- only. In this utility the page and page buffer sizes can be conveniently adjusted to suit
: the application. Input and output to auxiliary storage is handled by DMGASP; otherwise
1 VMSYST is written in transportable FORTRAN.

The primary advantage of a virtual memory system is the efficient processing of many
small records such as columns or rows of large full matrices that can be treated as vec-
tors. In essence VMSYST keeps track of whether a desired block of data is resident in
core in the page buffer, or, has been moved to an external storage device by DMGASP. If
3 it is not currently resident in the page buffer, VMSYST retrieves it and makes it available
) to the application program. This double movement of data is the major price paid for the

benefits of the virtual system.

In USA, VMSYST is used for the out-of-core generati. . of the fluid mass matrix des-

cribed in Section 3.5.
3.3 THE STRUCTURAL PREPROCESSOR

This is a user-provided code that assembles the structural mass and stiffness matrices

and generates information that relates the internal and external descriptions of the struc-

tural DOF. Input typically includes

® Mesh geometry
Coordinate systems

Node locations

e Element definitions

Type

Connectivity

e Material properties
Mass density
Moduli

e Constraints
A Symmetry conditions
Element external constraints

Element internal constraints




Fluid internal to the submerged structure must be included in the structural model.
At this time, USA treats only diagonal mass matrices associated with a lumped mass repre-

sentation of the structure, and only single precision matrices can be processed.
3.4 THE SKYLINE UTILITY

This preprocessor converts the structural mass and stiffness matrices generated by

th2 structural preprocessor into the internal "skyline"

format required by the USA time
integration processor [22,23]. As there are a variety of ways to store large, sparse,
symmetric matrices, virtually any structural preprocessor that is to be used with the USA
Code will require a utility package to change the storage format. At this time, conver-
sion utilities have been written for SPAR [24], NASTRAN [25] and GENSAM [26]. User in-
structions for constructing the skyline utility for other structural codes are given in
Appendix E. As is noted there, USA now contains a set of utilities to facilitate this

process.

Figure 3.1 shows 2 paths to mass storage from the skyline utility. The SPAR converter
uses DMGASP for both input and output, whereas the NASTRAN converter uses unformatted
buffered FORTRAN commands for input and DMGASP for output.

Constraints are also handled differently in these two utilities. NASTRAN provides
a reduced stiffness matrix which already incorporates any prescribed constraints. SPAR
does not; however, USA has the ability to apply constraints due to symmetry or attachm-nt
to ground during the time integration. Structural DOF that must be set to zero arc

flagged by the skyline utility ([23].
3.5 THE FLUID MASS PREPROCESSOR FLUMAS

This code comstructs the fluid mass matrix for a structure submerged in an infinite,
inviscid, incompressible fluid by the boundary element technique [14]. 1In additionm,
FLUMAS can form the mass matrix for a body in the vicinity of a fluid free surface through
the use of imaging techniques. OQut-of-core processing is facilitated by use of the vir-
tual memory system VMSYST so that core size is not a limitation on the number of fluid DOF.
The code also generates fluid mesh data and a set of transformation coefficients relating
the structural and fluid DOF. The computation of these coefficients is based upon the
use of centroidal nodes for the fluid elements and the assumption of a bilinear variation
of displacement over the surface of each structural element. This assures that the des-
criptionof the fluid pressure forces in the two mesh systems is statically equivalent
without inducing moments at the structural nodee. Finally, the code generates the sym-
metric matrices Qfl and sz that appear in the computational form of the DAA1 and DAA2

equations which involve the inverse of the fluid mase matrix.

e e vl
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FLUMAS contains a refined formulation for the fluid mass matrix that includes the
primary effects of element curvature. In addition, it has the capability to treat struc-
tures containing both general geometry and arbitrary axis, multi-branch, multi-harmonic
surface-of-revolution components, as described in [10]. The code can also efficiently
construct the fluid mass matrix for a body with oneor two planes of symmetry by using a
mesh which covers 1/2 or 1/4 of the surface. Symmetric or anti-symmetric fluid motions
can then be imposed on the portions of the surface not covered by the mesh. Two-
dimensional "plane-strain" behavior of long cylinders can also be simulated. The code
contains an automatic mesh generator for cylindrical gurfaces and an improved error exit
control that facilitates fluid mesh debugging. Finally, a useful diagnostic tool in the
code is the capability to solve the fluid-boundary-mode problem !135 = Kﬁ.fg_[ldl.

Typical input data for this processor includes

& Mesh geometry
Fluid Wet-Surface Mesh

Structure Wet-Surface Mesh

e Element definitions
General curved surface

Surface of revolution

e Material property
Mass density
DAA2 parameter

e Constraints
Location of free surface
Half model
Quarter model
Long cylinder

Node reassignment in fluid-structure transformation
A detailed description of the required input data is given in Appendix A.
3.6 THE AUGMENTED MATRIX PREPROCESSOR AUGMAT

This processor accepts data from the structural and fluid analyzers to construct the
specific matrices required for solution of the augmented Eqs. (2.9) or (2.34)/(2.35).
The output of this code includes not only the required matrices in gkyline form, but alsc
a distillation of the output from both the structural and fluid processors. This has
been done so that only one permanent file need be referenced as input to the time inte-
grator; this results in improved data handling and core usage. In contrast to earlier

versions of USA, AUGMAT does not form the fluid matrices D and sz but rather puts

fl
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them in the skyline format required by SKYPUL. Dfl and sz are now formed only in
FLUMAS. The structural stiffness matrix can also be displayed in AUGMAT for checkout

purposes. Input to this code involves the following information

® Mass matrices
Fluid

Structure

e Structural DOF correspondence table
External and internal node descriptions
Factorization order

DOF reduction due to constraints

e Fluid mesh geometry
Global coordinates of fluid nodes
Direction cosines for nodal surface normals

Areas of fluid elements
@ Fluid/structure DOF transformation coefficients

@ Fluid material properties

DAA2 parameter

e Constraints
Half model

Quarter model

Although this constitutes a substantial amount of information, almost all of it is re-
trieved from permanent data files. A detailed discussion of the required input data is

contained in Appendix B.
3.7 THE TIME INTEGRATION PROCESSOR TIMINT

This main processor constitutes an implementation of the unconditionally stable

staggered solution technique developed in [9] for DAA The primary output is a set of

permanent data files that contain nodal values for stiuctural displacement, structural
velocity and wet-surface pressure at every time step. In addition, parallel files are
created that retain restart information at time intervals dictated by the user. The code
has a variable time step capability and can treat a spherical incident wave of arbitrary
pressure profile and source location. Exponentially decaying waves can also be treated
by providing magnitude and decay information. In addition, incident wave pressure and
particle velocity are tabulated and displayed with a 'printer-plot" package. If the

body is in the vicinity of a free surface, unloading due to reflection of the incident
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wave from the surface is included and the effects of bulk cavitation on the free field
pressure history are approximately treated. Finally, selected response histories can
be listed and then displayed for immediate examination using the "printer-plot" graphics

package embedded both in TIMINT and in POSTPR (see Sect. 3.8).

The computational strategy for the staggered solution procedure is embodied in the

] following eight steps, assuming the solution is known at time t:

(1) Estimate the unknown structural restoring force Ks;g_at t + At from the extrapo-

lation of current and past values

(2) Transform this extrapolation into fluid node values and form the right-hand
side of the fluid equation, which also involves the known incident pressure

at t + At

(3) Solve the fluid equation and obtain a preliminary estimate of the total

! pressure vector at t + At
i (4) Transform fluid pressures into structural nodal forces

(5) Solve the structural equation for the displacement and velocity vectors

at t + At

(6) Transform the computed structural restoring forces at t + At into fluid

node values and reform the right hand side of the fluid equation

(7) Re-solve the fluid equation and obtain refined values for the total

pressures at t + At
(8) Save system responses

Steps 1, 3, and 5 constitute the basic staggered solution technique, while Steps 2 and 4
are required because of the difference between the fluid and structural surface meshes.
The iteration on the fluid solution reflected in Steps 6 and 7 has been added to enhance
accuracy. Inasmuch as the computation time is overwhelmed by the structural solution re-
quirements, this requires only a small increase in total run time. The use of a three-

point extrapolation method in Step 1 also improves accuracy, as discussed in [9].

Implicit integration algorithms have been used for both the fluid and structural
equations. The former is treated with the 3-step Park method [27] while the latter is

treated with the "JO" implementation of the trapezoidal rule [28],

Typical input to this processor includes

o Incident wave characteristics




K
!

Location of source
Location of standoff
Pressure profile
Linear interpolation
Cubic spline fit

Exponentially decaying wave

e Time step information
Start and finish times

Time increment values
e Restart data

e Display directives
Displacements
Velocities

Pressures
Detailed user information concerning TIMINT is given in Appendix C.
3.8 THE RESPONSE POSTPROCESSOR POSTPR

This utility is responsible for the listing and "printer-plot" as well as 'vector-
plot" graphic display of selected system responses and pseudo-velocity shock spectra.
Output files containing the structural displacement field at user-specified instants in
time may also be created from the response history files to provide "snapshots" of the
deformed structure. Some of the same capabilities are also embedded in the TIMINT pro-
cessor for immediate selective scanning of the output. POSTPR, however, is used for
more detailed examination of the results at a later time. As a complete display of all
structural and fluid DOF histories for even a moderate size problem could run into
thousands of pages of output, care must be exercised in the selection of data to be dis-

played. Usage of this code is discussed in Appendix D.




SECTION IV
EXAMPLE PROBLEMS

This section presents results generated by the USA Code for three idealized under-
water and free surface shock problems. The structure studied in the first problem is a
hollow circular beam of finite length, while that involved in the second and third prob-
lems is an infinite, circular cylindrical shell. 1In all cases, the structure is excited
by a transverse, plane step-wave of unit incident pressure and material properties are
used that correspond to a steel shell immersed in water. The input data are normalized
so that the density and speed of sound for the fluid both equal unity; hence, the dens-
ity, Young's modulus, and Poisson's ratio for the structural material are taken as 7.85,
98.125, and 0.3, respectively. The radius and wall thickness of the beam and the cylin-
der are 1 and 0.01, respectively, while the length of the beam is 9. 1In order to assess
the accuracy of the computational results, selected response histories are compared with

those obtained by other methods.
4.1 CIRCULAR BEAM

The response variable of primary interest in this problem is the late-time asymp-
totic translational velocity v, of the structure. An analytical expression for this
quantity may be obtained from (2.5) by taking x = Ypg v(t), where Ypq is the vector of
direction cosines relating the translational motions of the structural nodes and the
direction of propagation of the plane incident wave. (The elements of IPs that pertain
to the rotational DOF are, of course, zero.) The introduction of this relation into the

first of 2.5, followed by premultiplication of the resulting equation by 1; then yields

S’
mé o= -y GA(p +po) (4.1)
s Ig 2 Re'Bp T Bg :
-— T . = =
where m, = lPs'EfIPs' this follows from the fact that,gslps EslPs 0.

After the wave front of the plane step-wave has enveloped the structure, i.e., for

t>t,,
Pp = pcUp 1
EI = pec Ul(ql - EA) (4.2)
u = Upp

where UI is the fluid particle velocity characterizing the step-wave, 1 is the unity vec-
tor, the asterisk denotes the temporal integral of the quantity beneath it, EA is the vec-
tor of incident-wave arrival times for the fluid surface elements, and Y, is the vector

of direction cosines relating the normals of the fluid elements to propagation vector of
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the plane incident wave. In addition, ]és] << IBS, for late-time motions (see Section

2.2), so that the second of (2.5) becomes

-1 T ..
Rg = A Me(C Yp V- 8p), e, 4.3

The introduction of this relation into (4.1) then yields

. T T .
(ms + ma) v .= - lPs'g' ~fRA 1 + —Y-Ps'q'gf—ql’ >, (4.4)
where the added mass m = YT M GTY . But, from (4.4) GTY = v so that m is also
T a —Ps£'~f~'—Ps ’ tTYr R =ps PP a
given as m =-1P¥f1P'
, T _ . . T _ T _ . .
With E'lPs = IP’ the first of (4.2) yields xPsg“éfBI pcC UIITAEL = 0, inasmuch as

the wet surface of the structure is closed. Hence, the right side of (4.4) vanishes for
t > te’ which gives the expected result v = 0. This prompts the use of integrated forms

of (4.1) and (4.3) (with quiescent initial conditions), which yields, instead of (4.4),
(m +m)v = - TA E + YTM u,, t>>t (4.5)
s Ma YplePr T Yplgly» e :

The introduction of the second and third of (4.2) into this equation then provides the

desired expression for late-time asymptotic translational velocity

my +n
Yo = @ wm U (4.6)
S a

T
Yp
Af(ql —_EA). Note that (4.6) is a general result, applicable to any wet-surface geometry.

where the structure's displaced mass m, may be shown to be expressible as my=pc

Tvo different uniform mesh geometries were used to study the circular beam. Ten-
and twenty-node models were constructed with beam elements provided by the structural
analyzer SPAR [29]. The corresponding fluid models contained 11 and 21 elements of equal
size, with 12 and 24 circumferential integration points (see [10]). In each case there
was a fluid element on each end to account for axial motion while all the rest were evenly
distributed along the length. For the beam considered, m = 4,439 and my = 28.274; with
m, determined as m_ = 1?551’ mesh geometry has a small effect on the value calculated for
V_. It was found that m, = 24.509 for the coarse mesh and m = 24,332 for the fine mesh,
which yield V_ = 1.823 and V_ = 1.828, respectively.

In the response calculations, a constant time step of 0.1 (20 steps per envelopment
period) was used for both models; the results are shown in Figures 4-1 and 4-2. Veloci-
ties at the ends of the beam are higher than those at the center because the three-dimen-
sional flow field at the ends offers less resistance to the plane wave excitation than

the two-dimensional flow field at the center. It is noted that the responses of both
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models are similar although those for the finer mesh appear to tend to the rigid body
asymptotic velocity more precisely.

The USA(3) Code can also treat the bar response of the circular beam and to illus-
trate this capability the axial displacement response of the end under the side-on load-
ing is shown in Figure 4-3 for the coarse mesh problem only. The expected static dis-
placement is easily determined from the physical characteristics of the problem to be

2.293 and it is noted that the computational result is settling down to that value.

However, the time required for this to happen is much greater than the time for the beam
to achieve the expected transverse velocity shown in Figure 4-1. This is because the
axial frequency of the beam is low due to the entrained fluid. The natural frequency of :f

this system can easily be found by Rayleigh's method as follows.

Under a harmonic excitation u = Bxsinwt the maximum potential energy Umax and

) the maximum kinetic energy Tmax can be shown to be

* u = %%
max 2
(4.7)
01 2,32 1.2 22
Thax = 24 BAedw +gBmlw

where u 1is the axial displacement measured from one end, x i1is the axial coordinate,
w 1is the circular frequency, t is time, A 1is the cross-sectional area, E is Young's

) modulus, £ is the bar/beam length and me is the fluid added mass for the axial breath-

ing mode of the bar/beam. Equating Umax to Tmax then gives a value for the period
Puet 28 :
.’ = /————’
g Pyuat pdry 1+ 3 mf/ms
where
pdry = 7% v p/3E (4.8)
ms = pAR

For the problem at hand pdry = 4.617, mf'= 4,913, and m, = 4,493 which gives Puet =
9.597, about twice as long as the dry period. It is noted from the peak-to-peak times

shown in Figure 4-3 that the computational result is in excellent agreement.
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4.2 SUBMERGED INFINITE CYLINDRICAL SHELL

For this problem, a 72-node, 36-element SPAR model with a uniform circumferential
mesh was constructed. The length of the cylindrical shell equalled the circumferential
dimension of the square plate elements used for the model; hence the shell was one ele-
ment long. Kinematic constraints of zero axial displacement and no end rotation were
enforced through the skyline utility, as described in Section 3.3. The fluid model con-
sists of 36 equally-spaced elements around the circumference; the two-dimensional nature
of the infinite shell geometry was simulated by exercising an option in the fluid pre-

processor FLUMAS that adds fictitious elements in the axial direction.

Two~dimensional n=0, 1, and 2 modal 1response results were generated by circum- !
ferential Fourier decomposition of USA-generated responses. For comparison
DAA analytical solutions were generated by the method described in [8] and [30]. The
primary response variables of interest were radial displacement for n=0, radial and tan-
gential velocity for n=1, and radial and tangential displacement for n=2. A time step
or 0.025 was used up to t=1; for t between 1 and 2 this was increased 0.05, and for t

greater than 2 a time step of 0.1 was used.

The USA and corresponding analytical results are shown, harmonic by harmonic, in Fig-
ures 4-~4 through 4~8. 1In all cases the maximum errors made by USA fall into the range of

1 to 2%.
4.3 SEMI-SUBMERGED INFINITE CYLINDRICAL SHELL

Analytical solutions for the problem of a shock-wave-excited, infinite, circular
cylindrical shell whose axis lies in the plane of the free surface of a semi-infinite
acoustic medium may readily be obtained. The appropriate geometry for an imaging repre-
sentation of this problem is shown in Figure 4-9. An earlier treatment is described in
[31], where the stiffness of the shell is neglected and an approximate expression is
obtained for the asymptotic value for vertical rigid-body translational velocity. 1In
this subsection it is shown that both exact and approximate solutions for the infinite-
fluid case may be used directly to obtain solutions for the case of a semi-infinite fluid,

as follows.

The shell and fluid variables are first expanded in circumferential harmonics as
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w(o,t) wg(t) cos né wﬁ(t) sin no |

v(n,t) w vz(t) sin ne vﬁ(t) cos no i
p(r,o,t) = \Po(t) cos np + pS(t) sin n@ (4.9)
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PI(r.O,t) n=0 pln(r,t) cos no P%HFT,I)SLIIRG
c s v 3
uI(r,e,t) uIn(r,t) cos n#d uh¥r.t)51nne

where w and v are the radial and circumferential shell displacements, respectively, p

is the total fluid pressure and Py and u. are the pressure and radial fluid-particle

I
velocity of the incident wave. Because this is a linear problem, the solution con-
sists of the superposition of two infinite-fluid solutions, the time-dependent part of

which will be denoted by a superscript I. The result is

w(6,t) o wg(t) cos n(o~y)
v(g,t) )= D" qvi(e) sin n(e-y)
p(r,q,t) n=0 p%(r,t) cos n(6-y)
(4.10)
i wi(t) cos n{(&ty)
‘Z -1" thl(t) sin n(ety)
n=0 p%(r,t) cos n(6+y)

The multipliers (-1)n are required if the results of [3,4,30,32,33] are used to provide
the infinite-fluid solutions for step-wave excitation. This is because of the conven-
tion adopted there that the incident wave first contacts the cylinder at ¢ = ¢. It
should be noted that (4.10) holds for any plane-wave input if the infinite-fluid solu-

tion can be found and no cavitation occurs in the fluid.

The trigonometric terms in (4.10)can easily be simplified to give

w(e,t) % w%(t) sin no ;
v(o,t) = 2 (—1)n sin ny -v%(t) cos né (4.11) '
p(r,0,t) n=1 p%(r,t) sin ng

Note from(4.10) that the solution for n=0 is identically zero. Also note that if the

time~dependent part of the free surface solution is denoted by a superscript F, then

we (£) wi(o)
vE(t) = (-1)" 2 sin ny {-vl(t) (4.12) vy
pF(r,t) pl(r,v)
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This extremely simple result applies to exact solutions produced by the residual poten-
tial method [3,30,32], approximate solutions produced by the DAA [3,4], and the approx-

imate post-envelopment solutions given in [33].

For a USA-Code treatment of this problem, a 40-node, 19-element SPAR half-model was
constructed consisting of one 5° plate element, seventeen 10° plate-elements and a
second 5° plate-element. The angle y was taken as 45°. 1In other respects, this analy-
sis paralleled that of the totally submerged cylindrical shell described in Subsection
4,2,

Velocity responses for n=1 are shown in Figures4-10 and 4-11, while displacement re-
sults for n=2 are shown in Figures 4-12 and 4-13. The level of USA-Code error for n=1
is about 1%; it is of interest to note that the approximate asymptotic velocity provided
by the analysis of [31] is V_ = 2.623, which is about 10% high.

The n=2 post-envelopment solution during the final phase of shell envelopment is
quite sensitive to temporal and spatial discretization details. This sensitivity is
reflected in the level of USA-Code error exhibited in Figures 4~12 and 4-13, and is
associated with the pressure discontinuity at the front of the step-wave. The error
here is somewhat greater than that in Figures 4-7 and 4-8, as both the incident wave

and its negative image are now involved.

4.4 DAA2 STUDIES

As an initial test of USA-DAAZ, the infinite-cylinder case has also been run
and physical response variables have been Fourier-decomposed to produce modal
responses. For comparison, corresponding exact solutions have been obtained analv-
tically by the residual potential (RP) method Bd]. Comparisons are shown in
Figures 4-14 through 4-18.

The difference between the family of doubly asymptotic solutions and the exact
solution shown in Figure 4-14 is intrinsic to the infinite cvlinder and occurs
because of the infinite value of the n=0 fluid mass coefficient. Hence the inter-
action consists only of the high frequency asvmptote of the DAA familv. For a
finite cylinder, the fluid mass for the breathing mode is alwayvs finite, so that

the low-frequency contribution of the DAA family does participate.




Velocity responses for n=1 are shown in Figures 4-15 and 4-16, where it is
noted that nm=0 (DAAI) and n = 1 provide rather wide bounds on the exact solution
in the intermediate time range, while a value of n = 1/2 is remarkably close to the
exact solution. In Figures 4-17 and 4-18, the displacement responses do not show
such wide differences between n = 1/2 and n = 1; however, they both demonstrate a
striking superiority over the DAA1 result. It would appear from this limited
evidence that n = 1/2 is probably optimum for the infinite cylinder case.

In closing, it should be emphasized that a study of the stability of (2.34)
and (2.35) has yet to be undertaken. However, the results obtained thus far are
very encouraging in this regard. No indication of instability whatsoever was

encountered in generating the infinite cylinder results in which the time step

was doubled twice during the run, as was done in the DAA

i runs.
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APPENDIX A
USER INFORMATION FOR THE FLUID PREPROCESSOR FLUMAS

This appendix includes a copy of the users manual, and a sample input deck and

subsequent output for the infinite cylindrical shell problem presented in Section 4.
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The following discussion is provided as an aid to user understanding of the sample

output that is included here.

The first item needing explanation is the block subdivisiontable. During construc-
tion of the mass matrix the code must determine whether a particular fluid DOF pertains
to a GEN (includes both GEN and CYL elements) or SOR element. In the latter case, it
must also store the branch or axis of the element, its harmonic, and also whether that
DOF corresponds to a cosine or sine function. DOF with similar characteristics are
naturally kept together in the same block. When the mass matrix is automatically pro-
cessed in an out of core mode GEN elements are also partitioned intc blocks for computa-

tional convenience.
The parameters appearing in the block subdivision table are:

ISUB - block number

ITYP - GEN or SOR

IBEG - first row of block

IROW -~ number of rows in block
IBRA - SOR branch or axis

IHAR - harmonic number

IFUN - COS or SIN

Next, the terms appearing under "Fluid Mesh Geometric Arrays' are defined as:

NCOR - number of corner points for a particular fluid element

X,Y,Z - global cartesian coordinates of the fluid element centroidal
control point

NX,NY,NZ - components of the outward unit normal vector for the fluid
element

NTRA - number of structural node points that are coupled to a par-
ticular fluid element for the purpose of force application

A00,A20,A11,A02 - area and moments and product of inertia of fluid element.
Used internally for construction of the fluid mass matrix
and of the fluid-structure transformation coefficients for
general elements. For SOR elements, these values are for
the sub-elements.

BI1,CII - diagonal terms of B and C matrices used for the construction

of fluid mass matrix (see [14])

When SOR elements are included in the fluid mesh the following new terms will appear

in the output:
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NSOR - number of SOR element

NFLU - DOF in fluid mass matrix

RAD - radius of fluid element control point from axis of revolution

NCIR - number of integration points or sub-elements used in circumferential

direction
Local Fluid-Structure Transformation fvefficients appear next. This is a summary

that indicates which structural nodes couple with a particular fluid control point and
the weighting factor for each. The weighting factors must always sum to unity for any

fluid control point.

The generalized areas that follow are simply AO0 for GEN elements. For SOR elements
with THAR = 0 they are AOO*NCIR; for all other SOR elements they become .5%AO00*NCIR.

The eigenvalues and eigenvectors that follow the listing of the added mass matrix
correspond to the "Fluid Boundary Mode" problem [14]. For the infinite cylindrical
shell problem presented here, the exact eigenvalues should behave as 1/n with correspond-~
ing modes cos né and sin né. The first eigenvalue listed, 0.11831+04, is an approxima-
tion to » for n=0 and it can be seen that the subsequent eigenvalues are relatively well

behaved.

If a table labeled ""SUMMARY OF I-0 ACTIVITY” appears in the output, this indicates
that automatic out-of-core processing has taken place. In such a case the "Fluid Boundary
Mode" problem is not solved and its diagnostic characteristics are unavailable to the user.
If there are any serious errors in the fluid mesh geometry that have remained undetec®ed
through the generation of the mass matrix these may show up in the constructiocn of ttle
matrix Pfl [see Eq. (2.6)], i.e., the occurrence of factorization errors for the elements

in question.
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APPENDIX B
USER INFORMATION FOR THE AUGMENTED MATRIX PREPROCESSOR AUGMAT

This appendix includes a copy of the users manual, and a sample input deck and

subsequent output for the infinite cylindrical shell problem presented in Sectionn 4.
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The following discussion is provided as an aid to user understanding of the sample

output that is included here.

After a summary of the fluid mesh geometry arrays (see Appendix A) the first item
needing explanation is that entitled "Fluid Element Wetted Freedom Indicator". This is

simply a listing of the input variable NDICOS (see user manual) for each fluid element.

3 The section "Structural Grid Point Numbers Associated With Internal Sequence Num-
1 bers" contains a correspondence table that relates the internal sequence numbers assigned
by the fluid mass processor with the external structural node number assigned by the

user.

The next item entitled "Grid Point and Freedom Number for Each Row of Stiffness
Matrix" identifies an integer vector that is constructed by the user in the Skyline

Utility (see Figure 3~1, also Appendix E). For each structural equation the entry in

—

the vector consists of ten times the structural node number plus the local degree of

J freedom number.

The last item requiring explanation is the "Freedom/Equation Correspondence Table'.
This is an integer matrix of 6 rows and as many columns as there are structural node
points. Any particular row corresponds to a local degree of freedom number while a col-

umn corresponds to the internal sequence number for a particular external node number.

The matrix entry for any particular set of row and column is the structural equation

number for that pair.

Depending upon user input the structural stiffness matrix (identifier "STIF") may
then be displayed as well as the appropriate fluid matrices. The matrix called TMIT
corresponds to Ps [see Eq. (2.6)], while DFDS denotes the sum of DS and Dfl [see Eq.

(2.6)]. In DAA2 runs D is labeled DAAl while D is labeled DAAZ,

fl

f2
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APPENDIX C
USER INFORMATION FOR THE TIME INTEGRATION PROCESSOR TIMINT

This appendix includes a copy of the users manual, and a sample input deck and

subsequent output for the infinite cylindrical shell problem presented in Section 4.
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The following discussion is provided as an aid to user understanding of the sample

output that is included here.

First, the amount of storage required for the run given in the output refers solely

to the blank common that is set in the main program, UNWASH. An error exit is taken if
insufficient storage is available and the user must see that more is provided either by

a recompilation on UNIVAC 1100-0S or by a field length request on CDC.

Sector address information for the response and restart files that is listed at

various places in the output is extremely important for subsequent restart runs.

The next item needing discussion is the transient response tabular listings. The
desired responses are displayed in matrix form so that each row contains the entire
history of a particular degree of freedom except for the first row which is time. Each
column therefore contains the instantaneous values of the complete set of response var-
iables desired at a particular time. Each row is identified by the structural or fluid
node and its degree of freedom. The letters D, V, and P stand for displacement, velocity

and pressure, respectively.

Although printer plots of the transient response results can be displayed as part
of the run such output has been deferred to the post-processing phase in Appendix D for

this sample problen.
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APPENDIX D
USER INFORMATION FOR THE POSTPROCESSOR POSTPR

Bl den aaced

This appendix includes a copy of the users manual, and a sample input deck and

o

subsequent output for the infinte cylindrical shell problem presented in Section 4.
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The following discussion is provided as an aid to user understanding of the sample

output that is included here.

The input deck shown on the next page requests vector plots for both the transient
response histories and pseudo-velocity shock spectra. This is appropriate if the DISSPLA
plot package is available at the us. installation. Otherwise appropriate modifications
must either be made to use a different plot package or the input deck should be modified.

In any case the printer plot package is resident in USA.

The format used for listing the pseudo-velocity shock spectra is similar to that
used for the display of the transient response histories shown in Appendix C except that

the first row is now frequency rather than time.
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APPENDIX E
USER INSTRUCTIONS FOR INTERFACING WITH USA

To use the Underwater Shock Analysis (USA) Code in its linear stand-alone mode, the
user must first construct a permanent data file that contains the structural mass and
stiffness matrices and some assorted bookkeeping information. The purpose of this appen-
dix is to describe the structure of the file and to specify how it is to be created. At
this time utility routines that carry out this task have been written for SPAR, NASTRAN
and GENSAM. An abbreviated form of this file is also required when USA is coupled with

a non-linear structural analyzer and such an interface also exists for STAGS.

USA contains the data management utility module DMGASP that carries out all data
transfer activities between core and peripheral storage. This is done by unformatted
and unbuffered data transmissions and it is imperative that DMGASP be used to create the
structural interface file. Otherwise the user must supply or have access to a similar
means of direct transfer. Section 3 of {19] contains a comprehensive discussion of the
half-dozen or so DMGASP commands that are required to activate, position, write upon,
read from, and free a peripheral storage device. Subsidiary commands alsoc exist for

error handling and listing of selected information pertaining to auxiliary storage.

The current configuration of USA uses a diagonal mass matrix associated with a
lumped mass representation of the structure, assumes that there is no velocity dependent
structural damping, and further, only, single precision matrices may be processed. In
addition, if the stiffness matrix has been reordered or reduced in any way for input
to USA the mass matrix must also be reordered or condensed so that its degrees of
freedom (DOF) are the same and appear in the same order as in the stiffenss matrix.
Finally, the stiffness matrix must be placed in a multi-block* skyline format as dis-
cussed in the SKYPUL manual [23]. This description consists of a Matrix Master Record
(MMR) followed by a series of Matrix Value Records (MVR) which contain the numerical
values of the matrix. These are the only constructs the user need be concerned with;
all others required are already embedded in USA. During construction of the MMR a logi-
cal device index (LDI) must be set in the record which USA will access later. For UNIVAC
operation, this should be set equal to twenty (20), while for CDC operation this should

be set as two (2).

The USA code now includes four routines in the AUGMAT processor that can be used to
facilitate assembly of the MMR and the MVR for any symmetric matrix. The routine BLKSKY
is used to sequentially call SETPAR which determines the skyline profile, SETMMR which

* For small problems a single block is permissible.
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constructs the matrix master record and finally SETMVR which produces the matrix value
records. However, the user must ensure that the matrix can be provided row by row (or
column by column) with any and all zeroes filled in. Please contact the developer for

further details.

The file structure required is shown in Table E-1 where NDOF stands for the number
of structural DOF which USA must process. NMMR is the number of words in the matrix
master record, and NWBL is the number of words in each matrix value record (which is ex-
pected to be the same for each record). NWBL should alsoc be an integer multiple of 448

for most efficient use of storage.

The Grid Point/DOF vector consists of an integer value for each global DOF from 1
through NDOF that is constructed as ten times the external node number plus the local

DOF number that apply to that particular structural equation.

For example, if the 87th DOF to appear in the mass and stiffness matrices corres-
ponds to the second degree of freedom at a node identified externally as 4637 then the
87th entry in the Grid Point/DOF vector would be 46372. Local translational degrees of
freedom should be numbered 1-3, rotational degrees of freedom should be numbered from
4-6 and any others should be numbered with 7-9. If more than 9 degrees of freedom are
carried at any node it is a simple matter to change the factor of ten to one hundred in

a few places in USA to accommodate this.

It should be noted that records 1-4 are always accessed by the USA pre-processor AUGMAT
before the time integration phase of the analysis commences® This portion of the file
is required for both USA in the linear stand-alone mode, and for USA when it is inter-
faced with a nonlinear structural analyzer. 1In this latter case, the fifth and succeed-

ing records do not exist.

There is a minor difference in the way that the fifth and succeeding records are
constructed in the SPAR and NASTRAN utilities. In the SPAR interface one pass is made
through the stiffness matrix to first determine its connectivity and set up the book-
keeping to construct the MMR. The MMR is then written and a second pass is made through
the matrix to write the MVR's immediately following the MMR. In the NASTRAN interface
only one pass is made through the stiffness matrix. Hence, the MMR is not constructed
until all the MVR's have been written. To follow the order required by Table E-1 space
is left in the file for the MMR to be written in its proper order on the file after the
entire set of MVR's have been written. Because of this there will generally be a buffer
area of irrelevant data (garbage) between the MMR and the first MVR on a NASTRAN file

in contrast to a SPAR file.

%* The fifth and succeeding records can be accessed in AUGMAT if the user wishes to
check the stiffness matrix.
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Table E-1
Record Number of Words Data
1 1 NDOF
2 NDOF Diagonal Mass Matrix
i
i 3 1 NDOF
4 NDOF Grid Point/DOF Vector
5 1 NMMR
| |
! :
1 6 NMMR Matrix Master Record for |
. Stiffness Matrix
: 7 NWBL First Matrix Value Record
5 for Stiffness Matrix
: NWBL Second Matrix Value Record
: for Stiffness Matrix
NWBL Last Matrix Value Record
for Stiffness Matrix
i
{ E-3
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The amount of space currently allowed for the MMR on a NASTRAN skyline file is 10
PRU's (640 words) on CDC and 10 sectors (280 words) on UNIVAC. These values translate
into & current limit of 283 and 80 skyline blocks for the two systems, respectively.
If more capability is desired the statement MMRPRU = 10 at the beginning of subroutine

KDD of the NASTRAN skyline utility can be increased to suit the user's needs.

The SKYPUL processor has the ability to apply constraints due to symmetry or
attachment to ground during the time integration. Structural DOF that are to remain
zero must have their associated diagonal location pointers (LDP) flagged with a negative
sign during construction of the MVR and it is highly recommended that this capability

be included in every USA structural interface utility.
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